Abstract: Relevant variables characterising factors suspected to affect timing of breeding in birds may be difficult to measure. Then, easily available proxies, i.e. variables that are expected to vary consistently with some affecting factors, may be used instead. In the present study on tawny owls, I used besides individual characteristics of parent birds both detailed measurements of the prey base of territories, local and general indices of vole abundance as well as local and general weather conditions as explanatory variables. Owls tended to breed the earlier the older and the heavier they were. Breeding was the earlier the higher the abundance of water voles and the proportion of field voles in the territorial prey samples. Owls bred earlier when the local abundance of small voles in the preceding autumn was high. Regional vole indices showed no associations with timing of owls' breeding. Single winter weather variables did not show any significant associations neither. In combination with the advancing effect of water vole abundance, however, the delaying effect of the depth of the snow cover in March was significant. Models based on different data sets showed different kinds of associations between the abundance of small voles and timing of breeding in owls. The best models in which both intrinsic and extrinsic explanatory variables (characteristics of parent birds and environmental factors, respectively) were included did not differ considerably from each other. The occurrence of water voles in prey samples governed the best models. The results suggest, that without detailed knowledge on the prey base of territory, misleading results may emerge and the importance of small voles in governing breeding of owls may be overemphasised.
INTRODUCTION
The onset of breeding in birds is governed by various intrinsic and extrinsic factors, including individual characteristics of parent birds and prevailing environmental conditions, in particular food supply, respectively [1] [2] [3] [4] . The early onset of breeding has been suggested as a favourable trait that evolved to ensure the best feeding conditions for the forthcoming young [e.g. 1]. In various long-lived species of northern latitudes early breeding is important to ensure that the time-consuming reproduction process can be conducted within the strict limits of tolerable environmental conditions and for young birds to successfully reach independence [5] [6] [7] . Early breeding may also offer the opportunity to produce more clutches and young within a season [e.g. 2] .
Determining timing of breeding on the basis of direct observations during the egg laying is a relatively easy task if there is no risk of desertion of the clutch. Particularly convenient it is on the basis of age of nestlings if it can be determined by some measurement of growth. Measuring meaningful variables characterising intrinsic and extrinsic factors suspected to affect timing of breeding may, however, be more complicated, and this may restrict the sample size available. For instance, detailed observation and measurement of individual characteristics of parent birds requires live-catching of birds that may be impractical or difficult to conduct. Relevant characteristics of territory, including the *Address correspondence to this author at the Luontotutkimus Solonen Oy, Neitsytsaarentie 7b B 147, FI-00960 Helsinki, Finland; Tel: +358-41-4602101; E-mail: tapio.solonen@pp.inet.fi prey base during the pre-laying period may be very laborious to determine with the precision needed. In such cases, more easily available indirect measurements may be used as proxies, i.e. as variables that are expected to vary consistently with some affecting factors. Their capability to predict the effects considered, however, vary and may be quite restricted.
In the present study, I examined the role of some intrinsic and extrinsic factors in timing of breeding in the tawny owl Strix aluco (Linnaeus 1758) in southern Finland. This species has an advantage to allow gathering various kinds of relevant data with relative ease. For instance, artificial nest sites of the species are easily accessible, breeding adults are quite easy to catch from nests, and prey used can be analysed from the remains in the nest bottom litter samples [e.g. [8] [9] [10] . So, in addition to general indices of food abundance and weather conditions, I also used individual characteristics of parent birds and detailed measurements of territorial prey base as explanatory variables. My aim was not only to evaluate some expectations of associations between variables but also to demonstrate effects of sample size, different data sets, and various proxies of explanatory variables on the results and conclusions derived.
My expectations were as follows ( Fig. 1): 1) Being more competent in reproduction [9] , older individuals might also be more competent being capable to breed earlier than younger ones [e.g. 11, 12] . Birds that are smaller-sized [13, 14] but heavier, and thus probably in better condition [15, 16] , should breed earlier than larger but lighter ones. 2) High prevalence of voles (peaks of vole cycles, good availability due to minor snow) and rats (permanent local food source) in the prey base of territory should be associated with early breeding, corresponding to their relationship with reproduction [8] . Abundance of water voles Arvicola amphibius (Linnaeus 1758) should be important particularly in combination with minor snow cover [8, 10] . 3) High general abundance of small voles and mild and less snowy conditions of the preceding winter should have an advancing effect on breeding of owls [e.g. 2, 17] . Compared to territorial and individual variables, however, the explanatory power of regional vole indices and general weather variables may be rather weak and insignificant, particularly in small samples.
MATERIAL AND METHODS
The tawny owl is a widespread bird of prey of rural and urban habitats in Europe [18, 19] . It commonly occupies habitats in the vicinity of human settlements. A suitable nesting cavity is an essential prerequisite for the tawny owl's breeding, which is otherwise largely governed by adequate availability of food [e.g. 8, 10, 20] . In the North, the availability of food for breeding tawny owls seems to be particularly affected by the pronounced and more or less cyclic fluctuations of vole populations [21] [22] [23] [24] and it is modified by habitat [25, 26] and various climatic factors [8, 20, 22, 27, 28] .
Population Study and Study Area
The present data were derived from a ten-year period (between 1989 and 1999) of a long-term study on population dynamics of the tawny owl conducted in Uusimaa (60°N, 25°E), near the southern coast of Finland [8] . The study area of more than 500 km 2 consisted of low-lying rural habitats of mixed fields and forests, as well as more urban environments of the capital Helsinki and its surroundings. Tawny owls occupied the study area in a relatively even manner, following the availability of suitable nest sites, mainly nest boxes erected throughout the study area. The hatching success of birds was recorded for each year of the study. Only the successfully hatched clutches were included in the present data because the timing of breeding was determined on the basis of the hatching date.
Determination of the Hatching Date
In order to estimate the hatching dates, I measured the wing length of nestlings from 193 broods using the maximum method [e.g. 29] . I estimated the age of the oldest young using Jokinen's [30] wing growth curve. The hatching dates were estimated from the age of the young. For the timing of egg laying, I used an incubation time of 28 days [19] . Calendar days were converted to Julian days, starting from the first day of January.
Explanatory Variables

Intrinsic Factors
Breeding tawny owls (females and males) of the population were captured at nests by hoop net or trap around the middle of the nestling period. Due to the well-known risk of desertion of nest in the early phases of breeding in the tawny owl [9] , catchings were not performed earlier. Captures occurred mainly in May, but were distributed from March to June. Each individual was captured only once during each breeding season. The total data included 193 breeding pairs.
Birds were sexed on the basis of their size, wing length, body mass and the prominent incubation patch of the females [9, 20, 31] . I determined the age of birds by the plumage patterns [32] . The three age categories used included 1 yr old, 2 yrs old, and 3 yrs old or older birds. The maximum wing length, i.e., the distance between the carpal joint and the tip of the longest primary [29] , indicated the size of an individual. The body mass (measured by Pesola spring balance to the nearest gram) was used as a measure of body condition [33] . Within sex, the explanatory variables were usually correlated. The annual values of male and female body mass were also significantly correlated (r = 0.417, df = 87, P < 0.001).
Food Variables
Local prey of tawny owls during the breeding season was studied by analysing 51 nest bottom litter samples collected after breeding from 30 different locations (local nesting territories) [34] . The samples represented both good (33) and poor (18) vole years. Food remains (bones, feathers etc.) were separated from the litter by picking with tweezers. They were assorted and identified in appropriate categories [8] . In each prey category, the number of individuals was counted on the basis of the most common individual bones found. The identification of mammals was based mainly on jawbones (mandibles) and bones of limbs, including hipbones, femurs, tibiae, and humeri. Birds were recognised based on limb-bones (femurs, tibio-tarsi, tarso-metatarsi,
Intrinsic factors
Extrinsic factors humeri, ulnae, metacarpals) as well as sternums, beaks, and feathers. The numbers and proportions of different species of voles in samples were significantly correlated (P < 0.05).
The species of small voles that were considered to form an important food source for owls and the abundance of which was estimated on the basis of local and regional snaptrappings were the bank vole Myodes glareolus (Schreber 1780) and the field vole Microtus agrestis (Linnaeus 1761). The catch indices were expressed as individuals per 100 trapnights. General fluctuations of the vole populations within the study area were monitored by small-scale trapping, catch indices of which are here called "local vole indices". In a central locality (Sipoo, Hindsby), small mammals were trapped in each autumn (October-November) and spring (May) at 30 standard points along a line of about 1.5 km with three snap-traps at each point (total of 90 traps) throughout a 24-hour period. On the basis of the vole index of the preceding autumn, the study years of the breeding seasons were classified as "good" or "poor" ones, corresponding to good and poor vole years in the three-year vole cycles. From the point of view of tawny owls, the habitat distribution of the trapping line might have been concentrated in forests, but old fields were also included. However, the proportions of forest and open habitat seemed roughly to correspond to those of the district at large.
In order to characterise the general abundance of food for owls before breeding season, I used regional small vole indices of the preceding autumn and current spring. Each index was based on a total of 384 trap-nights of trappings conducted during two-day periods in early October and May in two localities near the present study area and they included both forest and old field habitats, 192 trap-nights each [Kimpari Bird Projects, 24, 35] . These indices seemed to characterise fluctuations in the abundance of voles over a larger area in southern Finland relatively well [22, 24] .
Weather Variables
I examined effects of the local mean temperature of winter, including January, February and March, as well as the depth of the snow cover in the middle of March (Finnish Meteorological Institute). These variables seemed to characterise well the strength of winter before the breeding season of tawny owls. For characterising the weather conditions at large, I applied the winter index of the North Atlantic oscillation (NAO), which is the most prominent pattern of atmospheric variability over the northern hemisphere and which has a marked effect on European weather conditions [36, 37] . The increasing positive values of the winter NAO indices, averaging the monthly values from December to March (http://www.cru.uea.ac.uk/cru/data/nao.htm [accessed 23 March 2011]), indicate milder and wetter winter weathers in Europe.
Preliminary examination of the data showed that there was a significant negative correlation between the mean winter temperature and the depth of the snow cover in March (r = -0.664, df = 9, P = 0.013). There was a significant positive correlation between the winter NAO index and local mean temperature of winter (r = 0.744, df = 9, P = 0.004) whereas the relationship between the winter NAO index and the depth of the snow cover in March was only nearly significant (r = -0.485, df = 9, P < 0.065).
Data Sets Used
The material used consisted of three smaller sets of data on tawny owls: 1) nestings from which both the hatching date was determined and each parent bird was caught and examined (N = 89), 2) nestings from which both the hatching date was determined and prey remains were analysed (N = 42), and 3) nestings from which the hatching date was determined, each parent bird was caught and examined, and prey remains were analysed (N = 21). Thus, in different analyses, the numbers and combination of variables somewhat varied.
Statistics
In searching for the factors affecting timing of breeding in the tawny owl, I used linear mixed effects models (lme) [38] from nlme in R statistical package [39, 40] . In the analyses, I used the Julian hatching date of the oldest young in the brood as the response variable. The explanatory variables (fixed effects) included the age, wing length and body mass of the parent birds (intrinsic factors) as well as various food and weather indices (extrinsic factors). The territorial food indices included the numbers or proportions of small voles (field voles and bank voles both separately and combined), water voles, rats, mice, shrews, and birds in the prey remains of the nest bottom litter samples. In separate models, local and regional autumn and spring vole indices based on snap-trappings of small voles were used. Weather variables included the mean temperature of the preceding winter, depth of the snow cover in March and the winter NAO index. Due to the common correlation between variables, largely only separate effects of variables were considered. The territory ID, indicating unknown local impacts, and year, indicating annually varying unknown factors, characterised random effects. The models used had a general appearance as follows: Hatching date model <-lme (Hatching date ~ Fixed effects, Random effects ~ Territory ID * Year). The fixed effects were fit into the model as single variables or in reasonable combinations of variables, following the expectations issued (Fig. 1) . The significance of variables in each model was examined and the models were ranked on the basis of the Akaike Information Criterion (AIC) [41, 42] .
RESULTS
Older birds tended to breed earlier than younger ones ( Table 1) . This concerned particularly females. Large body size was associated with early breeding in females but not in males. Birds that were heavy and in good body condition bred earlier than lighter and less fit individuals. The combining of male and female chracteristics did not make the models better.
The breeding of owls was the earlier, the higher the number of water voles and the proportion of field voles in the territorial prey samples ( Table 2 ). The occurrence of rats showed no such association. The proportion of shrews was higher in the prey samples of late nestings.
Owls bred earlier when the local vole levels in the preceding autumn were high ( Table 3) . There were no significant associations between the regional vole indices and timing of breeding of owls. Winter weather variables, in general, showed at their best only nearly significant associations with the timing of owls' breeding ( Table 4 ). In combination with the advancing effect of water vole abundance, however, the delaying effect of the depth of the snow cover in March was significant. Nevertheless, the addition of the snow cover did not make the model better (AIC 322.795 > 321.290).
Models based on different data sets showed different kinds of associations between the abundance of small voles and timing of breeding in tawny owls ( Table 5 ). Significant associations emerged particularly in the smallest data sets of various prey samples. In a larger data set, the local vole indices of the preceding autumn also showed a significant relationship with the hatching date of owls while none of the regional vole indices showed such an association.
The best models in which both intrinsic and extrinsic explanatory variables were included did not differ considerably from each other (AICs were relatively similar) ( Table 6 ). The only significant factor, the occurrence of water voles in the prey remains of the nest bottom litter samples, governed the best models. In addition, male body mass and the winter NAO index were included in several of the best models.
DISCUSSION
In the mixed effects models constructed, the prevalence of water voles in the local prey base seemed to be the most important single factor affecting timing of breeding in the tawny owl population studied. Occurrence of smaller-sized species of voles also seemed to be of considerable importance. Detection of these associations seemed to depend largely on the capability of the proxies used as explanatory variables to characterise the underlying factors.
Intrinsic Factors
As expected, older birds, in particular females, tended to breed earlier than younger ones. This seemed to be a common phenomenon in birds [11, 12] but not a universal one even in the tawny owl [see 7]. Large body size in earlybreeding females was against some earlier findings [e.g. 13, 14] . High body mass, indicating good body condition, was a good indicator of early breeding in both sexes. This is suggested particularly for female birds also in various earlier studies [15, 16, 43] .
Local Prey Base
The prey samples representing single local territories showed clearly the importance of the occurrence of voles, in particular water voles, in timing of breeding in the tawny owl population studied. High prevalence of voles, suggesting peak years in the vole cycles or good availability of voles due to minor snow cover, seem to be a common prerequisite for early breeding in owls [e.g. 2, 10].
Occurrence of rats in the prey base of territories did not show the expected advance in breeding in the present data. This might be due to an uneven distribution of rat concentrations of the study area and the small number of nest samples analysed. High proportion of shrews in late nests refers rather to lack of voles than to some direct effect of shrews in owls' diet.
Fluctuations in Vole Abundance
Abundance fluctuations of small voles did not only reflect in the prey base of territories but also in the local and regional vole catch indices. The association between the regional indices and timing of breeding in the tawny owl . For a larger data set and a longer period of time, however, a significant association emerged [17] . This suggests that there is considerable spatial and temporal variation in the general pattern of vole cycles, in spite of the fact that the cycles may be in a similar general phase over a large spatial scale [23, 27, 44] .
Winter Weather
In general, the effects of winter weather on timing of breeding in owls seemed to be minor. In any case, these effects should be largely indirect [22, 24] . This is suggested also by the relationships between the snow cover, occurrence of water voles, and hatching date of owls in the present study. Correspondingly, the finding that birds that were heavy and in good body condition bred earlier than other individuals suggests that winter weather conditions may be involved by affecting the availability of small voles that, in turn, could be responsible for good body condition of overwintering owls. However, the adding of snow cover along with a measure of water vole occurrence into the model seems not make it better.
Effects of Quality and Quantity of Data
For practical reasons, I generally used various indirect measures as proxies of variables in the mixed effects models. The onset of breeding was characterised by the hatching date estimated on the basis of age characterised by the wing length of the oldest young when the nestlings of the brood were ringed. The size of owls was characterised by the wing length. The condition of parent birds before breeding was characterised by the body mass during breeding. The prey base of territories before breeding was characterised by the remains analysed from the nest bottom litter samples after breeding. Fluctuations in the general level of the food supply before breeding were described by the catch indices of local and regional snap-trappings in the preceding autumn or next spring. Climatic effects were depicted by single local or regional measures of the mean temperature of winter and the depth of the snow cover as well as the global winter indices of the North Atlantic oscillation.
Variation in the explanatory power of variables can be demonstrated by subsamples of larger data sets or by using corresponding data sets of different origin as replicates. In the present case, the samples were selected on the basis of the availability of required variables in each subsample. In addition, effects of vole abundance were examined based on the indices derived from sources of three spatial scales. Various differences emerged. Not surprisingly, in general, the local variables seemed to have a stronger association with the response variable than the regional ones. Larger samples from a data set did not always perform better than smaller ones, indicating that the real total variation in the variables concerned may be considerable.
Large differences emerged in the associations between subsamples of different size suggest that between territories there were also considerable differences other than those concerning the prey base and that were revealed by the remains in the nest bottom litter. These differences were sealed within the random effects in form of the territory IDs in the mixed effects models.
The Best Models
Several of the best models characterising the effects governing timing of breeding in tawny owls performed roughly equally with each other. This was probably due to the fact that the one and only significant factor, the occurrence of water voles, overwhelmingly governed the models and effectively outweighed the impact of other factors [cf. 9, 10] . Detailed ranking of the best models seems, however, not necessarily relevant or even reasonable if the proxies used poorly represent the variables intended. So, also the importance of the effects of single explanatory variables may be difficult to estimate [cf. e.g. 42] . Without an experimental approach, in such situations we can only state that there is or is not a significant association between the explanatory and response variables of the model.
CONCLUSIONS
Mixed effects models of a single fixed effect may give indications of importance of single variables. In models of two or more fixed effects, a governing factor, in the present case the prevalence of water voles, might outweigh the effects of some other variables. Though general regional or larger-scale indices may reveal associations between environmental factors and timing of breeding in owls, the most significant relationships can be found, as expected, as responses to relevant local and intrinsic factors. Present results suggest, that without detailed knowledge on the prey base of the territory, based only on the relatively easily available general small vole abundance indices, misleading results may emerge. The importance of small voles in governing breeding of owls may be overemphasized. However, prey samples from nests concern only the time period of breeding. Before breeding, particularly during winter, the availability of small voles may be of crucial importance for the breeding condition of parent birds and so it may have a decisive indirect effect on timing of breeding.
CONFLICT OF INTEREST
The author confirms that this article content has no conflicts of interest.
ACKNOWLEDGEMENT
Jari Pynnönen and Kimmo af Ursin made major contributions in the field work. Jonna Karhunen analysed the prey samples. Pentti Ahola and the Kimpari Bird Projects gave their vole trapping data at my disposal. The support of my family has been indispensable throughout the study. Nests were visited with permits from the Finnish Ministry of the Environment. Birds were handled according to accepted guidelines.
